MKlp2 is a kinesin-like motor protein of the central mitotic spindle required for completion of cytokinesis. Papillomavirus E2 is a sequence specific DNA binding protein that regulates viral transcription and replication and is responsible for partitioning viral episomes into daughter cells during cell division. We demonstrate that MKlp2 specifically associates with the E2 protein during mitosis. Using chromatin immunoprecipitation, we show viral genomes are in complex with MKlp2 only within this stage of cell cycle. By immunofluorescence, a subpopulation of papillomavirus E2 colocalizes with MKlp2 in the midbody/midplate during late mitosis. We conclude that during specific stages of mitosis, the papillomavirus E2 protein binds to MKlp2, and infer that association with this motor protein ensures viral genome partitioning during cytokinesis.
Rather than causing lytic infection of host epithelial cells, papillomaviruses (PVs) induce slowly growing lesions. For viral genome persistence, the virus must access the basal epithelial cells and be maintained in these cells through cytokinesis, as the daughter cells migrate outward and undergo terminal differentiation. The approximately 8,000-bp PV genome replicates as autonomous episomes at a relatively stable low copy number in the nuclei of these infected basal epithelial cells. To establish persistent infection, the replicated viral episomes must be retained within the nucleus as it reforms during late mitosis and partition into the two cells. This mode of replication is reproduced in monolayer cultures of human and murine cell lines that stably harbor viral episomes. Bovine papillomavirus type 1 (BPV-1) genomes replicate in synchrony with cellular DNA as multicopy nuclear plasmids that do not integrate into the host genome (19) . The ID13 cell line originated from a clone of transformed mouse C127 cells and maintains on average about 25 copies of the viral episome.
The virus-encoded E2 protein is necessary for long-term episomal maintenance of viral genomes within replicating cells. The C-terminal domain of E2 binds with high affinity and specificity to sites within the viral DNA, including the viral origin of replication. Its N-terminal domain binds to the viral DNA helicase E1. Together, E1 and E2 are sufficient to trigger initiation of transient viral DNA replication from this origin sequence, but for long-term viral persistence, a cis-acting region with multiple E2 binding sites is necessary (34) . The observation that E2 colocalizes with cellular DNA through mitosis implies its role in tethering the viral genome to the cellular proteins, organelles, or chromosomes, directly or indirectly driven by the cellular motor proteins to move along either dynein or microtubule networks into the dividing cells (1, 20, 31) . Several groups using immunofluorescence have observed dots of E2 protein randomly associated with chromosomes during mitosis (14, 15, 20) . It was recently reported that human papillomavirus type 11 (HPV-11) E2 colocalized to mitotic spindles, especially the middle of spindle and midbody/midplate (5, 35) . It has also been proposed that a subpopulation of E2 proteins are in close proximity to the kinetochore (5, 35) , the macromolecular complex that coordinates attachment of mitotic spindles to the centromeric region on replicated chromatids.
In mammalian cells, alignment and accurate segregation of chromosomes during mitosis occur on a highly ordered apparatus called the mitotic spindle, which is composed of a bipolar array of microtubules. A constant dissipation of energy is required for assembly and maintenance of the spindle as well the cargo proteins moving along the microtubules. The kinesin and kinesin-like proteins (Klps) superfamily are the motor proteins that actuate movement along the microtubules (24) . A subset of motor proteins from this family are known as mitotic or chromosomal kinesins, transporting different cellular components, including chromosomes, transcription complexes, the Golgi apparatus and other cellular organelles, and even viral particles into daughter cells or positioning them to specific sites during mitosis (9, 36) .
How the E2 protein and the associated viral genome are maintained, tethered, and transported during all of the stages of mitosis is unresolved. Brd4 has been reported as the tethering bridge between PV E2 and mitotic chromosomes (38) . Brd4 interaction has also been shown to be necessary for E2mediated transcriptional activation (15, 23, 30) . Therefore, the cellular protein that attaches E2 and the viral genomes to mitotic chromosomes and the mechanism by which these are segregated remain unclear. Utilizing yeast two-hybrid screens to identify cellular proteins that bind to bovine papillomavirus E2, we identified human kinesin-like protein MKlp2 (mitotic kinesin-like protein 2; Rab6KIFL/KIF20) as an E2-interacting protein. We show MKlp2 binds BPV and HPV E2 proteins and suggest its involvement in transport of E2-associated viral genomes to the mitotic apparatus.
Indirect immunofluorescence. Telomerase-immortalized human retinal epithelial RPE1cells (Clontech Laboratories, Mountain View, CA) were cultured on glass coverslips in 1:1 DMEM-Ham's F-12 medium (Invitrogen/GIBCO). After synchronization, cells were rinsed in PBS and sequentially incubated in cytoskeletal buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 10 mM PIPES, pH 6.8) for 30 s on ice, cytoskeletal buffer with 0.5% Triton X-100 for 30 s, and again in cytoskeletal buffer for another 30 s. Cells were then fixed in 3.7% paraformaldehyde in PBS for 10 min at room temperature and permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature. To visualize tubulin, methanol at Ϫ20°C was added on the coverslips and incubated for 15 min. Specimens were blocked in PBS buffer containing 0.1% bovine gelatin, 1% bovine serum albumin, and 0.1% Tween 20 before incubation with primary antibodies for 3 to 4 h at room temperature. Mouse antibodies against BPV-1 E2 (B201, IgG2b) and ␣-tubulin (DM1␣, IgG1) were preincubated with Zenon labeling fluorophores Alexa 488 and Alexa 547, respectively, prior to use. After 2 h of incubation with affinity-purified rabbit anti-MKlp2 serum at room temperature, slides were gently rinsed in PBS and Alexa anti-rabbit 633 was added for another 2 h. Slides were rinsed again in PBS-Tween (PBST). Hoechst 34580 in PBS at a final concentration at 5 g/ml was used to visualize genomic DNA. Slides were mounted in Fluoromount-G (Southern Biotech, Birmingham, AL), air dried, and kept at 4°C. Alexa reagents and Hoechst stain were purchased from Molecular Probes/Invitrogen (Eugene, OR). Images were acquired on Leica DM IRE2 microscopic system and scanned with a Leica True confocal scanner SP2, with postacquisition processing performed on LCS Lite (Leica Microsystems, Wetzlar GmbH).
RESULTS

Isolation of MKlp2 in yeast two-hybrid screen.
To search for cellular proteins that bind to BPV-1 E2, we performed a yeast two-hybrid screen with an E2 bait containing a missense mutation replacing glutamate 39 with glycine (E39G) fused to the GAL4 DBD. This mutant is unable to activate transcription from E2 binding sites in metazoan or yeast promoters (4). E2 E39G was selected since it retains the ability to stimulate BPV E1-induced DNA replication (10) . After coexpression of a human brain cell cDNA library fused with the GAL4-AD, yeast transformants were selected under stringent conditions for adenine, histidine, leucine, and tryptophan auxotrophy and ␣-galactosidase expression. The cDNA from one strongly bluestained colony on X-␣-Gal (5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside acid) was identified as MKlp2 by DNA sequencing.
The yeast two-hybrid system was also used to determine the region of MKlp2 that interacted with E2-E39G. The full-length 886-aa MKlp2 and truncated fragments were amplified by reverse transcription-PCR of MCF-7 cellular RNA and inserted in frame with the GAL4-AD. Yeast transformants expressing full-length or C-terminal (aa 541 to 886) but not other truncated portions of MKlp2 stained blue on X-␣-Gal plates in the presence of Gal4 DBD-E2 E39G ( Table 1 ). E2 E39G did not interact with N-terminal regions of MKlp2 encompassing To further validate the association of MKlp2/Rab6KIFL with the BPV-1 E2 protein in vivo, we performed coimmunoprecipitation (co-IP) assays. C33A cells were cotransfected with plasmids encoding Flagepitope-tagged MKlp2 and BPV-1 wild-type E2, E2R (aa 162 to 410), or E2 N-terminal transactivation domain (TAD; aa 1 to 216). E2 proteins were immunoprecipitated using the E2 monoclonal antibody B201, and the complexes were probed using Flag antibody. Flag-MKlp2 bound wild-type and TAD E2, while binding to E2R was negligible ( Fig. 1A) . These co-IP experiments were reversed using anti-Flag antibody to immunoprecipitate Flag-MKlp2, followed by Western blotting for E2, and also revealed their specific association (data not shown). Binding experiments using in vitro-translated MKlp2 incubated with GST-E2 1-216 or GST-E2 162-410 further confirmed that the N-terminal 162 amino acids of E2 are necessary for their association (data not shown).
Because MKlp2 interacted with the E2 TAD, we tested a series of point mutants within this domain (4) for MKlp2 association by co-IP. Studies of multiple transcription-active and -defective E2 mutations throughout the TAD showed no clear relationship to MKlp2 binding ( Table 2) . Three E2 mutants, W145R, Y138H, and S181F, did not coprecipitate with Flag-MKlp2 ( Fig. 1B) . However, other mutations in this region such as S171P and F173S retained the ability to coprecipitate. The MKlp2 binding-defective E2 S181F mutation showed a 90% reduction in transient transcriptional activation (3, 4) . E2 S181F is also competent for transient replication of an origincontaining plasmid, while W145R and Y138H were defective. These results suggest that MKlp2 association is not absolutely necessary for E2 transcriptional and transient replication activities. Because MKlp2 acts as a mitotic motor protein, we therefore suspected its role in maintenance or partitioning of the viral genome during mitosis.
To identify the MKlp2 domain that bound to BPV-1 E2, we constructed a series of plasmids expressing Flag-tagged regions of MKlp2 (Fig. 2 ). Each of these plasmids was cotransfected with wild-type E2 into C33A cells. Immunoprecipitation of BPV-1 E2 with B201 and immunoblotting with Flag antibody demonstrated that two overlapping C-terminal polypeptides from MKlp2, aa 494 to 886 and aa 634 to 886, were present in the complexes, but not segments of MKlp2 spanning aa 299 to 634 and aa 494 to 634 ( Fig. 2 ). Taken together with the yeast two-hybrid results, we infer aa 634 to 886 of MKlp2 bind E2. In these coprecipitation experiments, MKlp2 1-299 also coprecipitated with E2. This region of MKlp2 is known to bind 
microtubules (6, 7, 12) . In contrast, E2 E39G interacted with the C-terminal but not N-terminal microtubule binding region of MKlp2 in the yeast two-hybrid experiments.
To further understand the biological significance of the E2 interaction with MKlp2, we adopted the ChIP assay to investigate MKlp2 binding to the BPV genome. BPV-1-transformed mouse ID13 cells were transfected with different segments of Flag-MKlp2, and the cells were treated with 1% formaldehyde to cross-link protein-DNA complexes. These lysates were immunoprecipitated with anti-Flag or anti-E2 antibody B201. Levels of the transfected Flag-tagged MKlp2 proteins are shown in Fig. 3B . PCR was performed after immunoprecipitation using oligonucleotides to amplify a 500-bp fragment from the BPV-1 long control region. Both the N-terminal and C-terminal regions, but not the central region of MKlp2, were found to be in association with the viral genome (Fig. 3A) . These data imply the MKlp2 protein is in complex with E2 and the viral genome.
HPV E2 proteins bind endogenous MKlp2. We sought to determine whether papillomavirus E2 would complex with the endogenous MKlp2 protein, which is present only during mitosis (7, 26) . To demonstrate our antiserum specifically recognizes MKlp2, HeLa cells were cycled by double-thymidine block, released, and harvested, with the first time point postrelease representing S phase. Parallel cultures were treated 4 h later with nocodazole to accumulate cells in early mitosis. The serum from a rabbit immunized with the C-terminal region of human MKlp2 spanning aa 496 to 886 was found to recognize a protein at the predicted mass of 98 kDa in mitotic extracts (Fig. 4A ). To demonstrate our antiserum was specific to the C-terminal region of MKlp2, C33A cells were transfected with Flag-tagged full-length N-terminal or C-terminal MKlp2. Lysates were immunoprecipitated with rabbit MKlp2 antiserum, and the washed complexes were immunoblotted with Flag antibody. As predicted, the fulllength and C-terminal MKlp2 proteins were specifically recognized by both MKlp2 and Flag antibodies (Fig. 4B) . Although mouse and human MKlp2 proteins share greater than 90% identity, neither sheep (7, 26) nor our rabbit antiserum recognizes mouse MKlp2 by immunoprecipitation or Western blotting (data not shown). Therefore, we could not test the association of MKlp2 with BPV E2 using murine C127-derived ID13 cells and turned to HPV E2 for further study.
Using our MKlp2 antiserum, we therefore sought to determine whether association with MKlp2 was conserved among HPV E2 proteins by performing co-IP experiments. We used CV-1 cells expressing Flag-tagged HPV-11 E2 under the control of the metallothionein promoter (27) and found HPV-11 E2 coimmunoprecipitated with MKlp2, using the rabbit MKlp2 antiserum (Fig. 5A ). We also tested whether high-risk HPV-16 E2 binds and coprecipitates the endogenous MKlp2 protein during mitosis. U2OS cells stably expressing HPV-16 E2 were synchronized using double-thymidine blockade. Half of the cells were harvested at the end of synchronization at S phase. The other half were released into complete media for 9 h before harvest. Lysates from these time points were analyzed on immunoblots probed with anti-HPV-16 E2 monoclonal an- (Fig. 5B, subpanel a) . As expected, the 42-kDa HPV-16 E2 protein was detected in S-and M-phase lysates from U2OS-16E2 but not in control U2OS cells. Lysates were incubated with affinity-purified anti-MKlp2 antiserum to immunoprecipitate the endogenous MKlp2 protein or GST-MKlp2-preabsorbed antiserum as a negative control. Washed complexes were resolved by SDS-PAGE, and immunoblots were probed with TVG261 or anti-MKlp2 antiserum ( Fig. 5B , subpanels b and c). We confirmed that the endogenous MKlp2 is complexed with the HPV-16 E2 during mitosis. A smaller amount of HPV-16 E2 was detected in the S-phase MKlp2 immunoprecipitate fraction. This is likely due to a subpopulation of cells in the S-phase fraction escaping thymidine blockade and entering mitosis. nous MKlp2 would colocalize with E2. As we noted above, we could not use BPV genome-transformed ID13 cells for these studies since our antiserum does not recognize murine MKlp2. We were also unable to detect HPV-16 E2 by immunofluorescence in mitotic U2OS HPV-16 E2 cells using the TVG261 antibody. We therefore used human RPE-1 cells transfected with BPV-1 E2. The morphology of these flat cells is well suited for immunofluorescence studies.
Using affinity-purified rabbit MKlp2 antibody, we determined the localization of endogenous MKlp2 throughout the cell cycle ( Fig. 6 ) in RPE-1 cells transfected with BPV E2. Our observations were consistent with previous reports using different antisera (7, 26) . MKlp2 staining was absent in interphase cells. A diffuse cytosolic pattern was observed in metaphase (Fig. 6A ). By early anaphase, MKlp2 concentrated in the middle of spindle, appearing as a series of short bars running parallel with its axis (Fig. 6B and C) . At late anaphase, as the cleavage furrow pinched in, MKlp2 was restricted to filamentlike structures in the middle of spindle, probably overlapping the microtubules in this region (Fig. 6C) . In telophase and cytokinesis, MKlp2 staining was limited to the midbody (Fig.  6D and E) .
BPV E2-transfected RPE-1 cells displayed nuclear E2 with nucleolar exclusion in interphase. In metaphase, the E2 protein was less intense and diffusely nuclear, with a fraction appearing in spots overlapping the cellular DNA (Fig. 6 ). In early anaphase, the majority of the E2 staining overlapped the DNA staining in the middle of the spindle. With anaphase progression and as chromosomes move from the midplate towards the poles, most of the E2 colocalized with the mitotic DNA, while a fraction remained in the middle of the spindle, appearing as faint lines across the midplate. This pattern re-sembles a microtubule-like pattern, similar to the distribution of MKlp2 at this stage of mitosis. By telophase, the majority of E2 overlapped the cellular DNA. Using stepwise Z series images at this stage of mitosis, we observed that E2 was also found in the midbody, colocalizing with the MKlp2 signal. Intense ␣-tubulin appeared in a Z-section close to but not coincident with MKlp2 and E2. Cells transfected with the MKlp2-binding-defective E2 mutant S181F did not demonstrate midbody colocalization similar to wild-type BPV E2 ( Fig. 6G and H) .
Although we observed the colocalization of endogenous MKlp2 with a subpopulation of E2, it was not direct evidence that viral genomes existed in the same fraction. We again adopted ChIP assays to explore MKlp2 protein association with viral genomes. U2OS cells were first blocked in complete medium with 2 mM thymidine for 16 h. After release from the first thymidine block, cells were transfected with the HPV-16 genome using Fugene 6 (Roche, Germany). After 8 h, cells were arrested with 2 mM thymidine in complete medium for another 16 h. After release from the second thymidine block, half of the cells were treated with formaldehyde to cross-link DNA-protein complexes and harvested. The remaining half of the cells were incubated in complete medium for about 9 h until at least 40% of cell population appeared rounded and were judged mitotic. These cells were then processed for ChIP assays. For immunoprecipitation of the protein-DNA complexes, we used TVG261 for HPV-16 E2 and affinity-purified rabbit anti-MKlp2. By specific PCR of the HPV DNA present in the complexes, anti-MKlp2 antibody was found to precipitate the viral genome specifically during mitosis but not in S phase, while this PCR product was not detected with a negative control antibody (Fig. 7) . Control PCR was performed in both 
DISCUSSION
Forty-four putative members of the kinesin superfamily proteins (KIFs) function as microtubule-associated motor proteins. Together with actin-associated myosin, these proteins are responsible for organelle, protein vesicle, DNA, and RNA transport and hence are critical for a numerous cellular processes (25) . KIFs can be subdivided into three classes according to the position of their motor domain: the N-terminal motor domain type (N-kinesins), middle motor domain type (M-kinesins), and C-terminal motor domain type (C-kinesins). Among these, N-terminal KIFs are the most abundant. They can be further grouped according to their functions. MKlp2, also called KIF20A or Rab6KIFL (32) , belongs to the proposed N-6 kinesins (13) . The other kinesin protein in this N-6 class is MKlp1, also known as CHO1 or KIF23, which is in-volved in central spindle organization and cytokinesis (16) . The CENP-E/KIF10 family, comprising N-7 kinesins, was identified as a centromere-associated protein responsible for chromosome segregation (21) . KIF2C, an M-kinesin, was reported as a mitotic centromere-associated kinesin (37) .
The human MKlp2 gene has been mapped to 5q31 (17, 18) , a segment commonly deleted in myeloid leukemia. Interestingly, this 1.5-Mbp genomic sequence (D5s479 to D5s500) contains another gene, CDC23, a component of the anaphasepromoting complex and substrate for Plk1 (17, 18) . High levels of MKlp2 are found in mitotically active tissues, including skin, testis, and spleen. Expression of MKlp2 is cell cycle dependent and limited to mitosis (7) . MKlp2 has also been visualized in the Golgi apparatus (6, 12) .
Structurally, the MKlp2 protein has a tubulin binding site within its N-terminal kinesin domain and another within a carboxyl end. This is posited to allow binding and contraction between two parallel microtubules in the midbody that occurs in telophase. It is well documented that MKlp2 is essential for completion of cytokinesis (6, 7, 12) . Depletion of MKlp2 by RNA interference (RNAi) results in failure of cytokinesis (26, 39) . Microinjection of MKlp2-specific antibodies induces binucleate cells that arrest in telophase (12) , further demonstrating the function of MKlp2 at this stage of mitosis.
Using both yeast two-hybrid and in vivo coimmunoprecipitation experiments, we show E2 binds the C-terminal region of MKlp2. N-terminal segments (amino acids 1 to 299) of MKlp2 expressed in C33A cells were also immunoprecipitated in complex with BPV E2. We suspect this may be indirect since this "head" region of MKlp2 binds microtubules. One group recently referred to as unpublished data the detection of ␤-tubulin by analysis of HPV-11 E2-bound proteins using mass spectrometry, although, in vitro-translated ␤-tubulin did not bind E2 (5) . Moreover, HPV-11 E2 has been reported to localize to the mitotic spindle, which is composed of polymerized ␣and ␤-tubulin (5, 35) . These observations likely explain the coimmunoprecipitation of the microtubule-binding N-terminal domain of MKlp2 with E2. We suspect this interaction of MKlp2 is relatively weak, since in our attempts at a direct binding assay, bacterially synthesized MKlp2 and BPV E2 showed slight association above background. We infer that tubulin or another spindle component stabilizes the interaction of E2 with MKlp2 during a specific stage of mitosis.
We have demonstrated that the association between endogenous MKlp2 and papillomavirus HPV-16 E2 occurs in mitosis by immunoprecipitation of synchronized cell extracts. In ChIP experiments, we consistently detected viral genomes in immunoprecipitates from cells in mitosis using anti-MKlp2 antibody, but not in S-phase extracts. These results strongly infer that E2, together with viral genome, is in complex with MKlp2. Due to the inexact nature of cell synchronization using double-thymidine blockade, the phase of mitosis in which E2 associates with MKlp2 cannot be precisely determined.
Colocalization studies of MKlp2 with BPV E2 were performed to determine when in mitosis the proteins associate. After transfection and synchronization of human RPE1 cells, BPV E2 decorated the mitotic chromosomes, consistent with earlier reports (22) . A fraction of E2 protein was detected in the spindle midzone after metaphase and through anaphase ( Fig. 6B and C) . E2 remained in the midbody with formation of the cleavage furrow, although the majority was associated with the host chromosomes. GFP-tagged full-length and TAD HPV-18 E2 may also be seen in this midbody pattern (2) . GFP-tagged HPV-11 E2 has also been reported to associate with mitotic spindle; however, BPV E2 was not observed in this locale (35) . In this study, we found a minor fraction of BPV E2 in the spindle midzone and midbody. Serial Z-section images revealed that BPV E2 was adjacent to the microtubules in the midzone and midbody, but appeared in more close proximity to MKlp2, which is microtubule associated.
What is the role of MKlp2 association with E2 during mitosis? By using the ChIP assay, we demonstrate MKlp2 is in the E2 protein-viral DNA complex in a cell-cycle-dependent manner. A previous report of ChIP experiments regarding Brd4 (38) used asynchronous cells. In contrast to Brd4, endogenous MKlp2 protein is only expressed in mitosis. This may be the first report of a protein-DNA complex in mitosis that contains the PV genome and represents strong supporting evidence that MKlp2 plays a role in genome partitioning.
In confocal microscopy studies, the majority of the E2 protein, whether BPV or HPV, appears as speckles that randomly coat the chromosomes throughout mitosis. This is not the pattern of MKlp2. We do not know whether the major E2 staining pattern represents the localization of the PV genomes or whether this population of E2 is partitioning the viral DNA. It is conceivable that PV genomes are associated with E2 and MKlp2 during metaphase around the midplate and then further partition towards the poles, transported on MKlp2, a positive-end kinesin that actuates movement towards the spindle poles.
The mechanism of mitotic partitioning of PV genomes likely requires the participation of multiple cellular factors during each stage of mitosis. We have found that binding of E2 with the ChlR1 protein is necessary for the initial loading of E2 proteins onto mitotic chromosomes (28) . RNAi-mediated depletion of ChlR1 prevents viral genome attachment to mitotic chromatids (28) . Because MKlp2 depletion induces growth arrest in telophase (26, 39) , leading to cell death or apoptosis, RNAi directed at MKlp2 cannot be used to discriminate the requirement for Mklp2 in E2-mediated viral genome partitioning in dividing cells in culture. Brd4 association may represent a subsequent step in the ordered events necessary for recognition and movement of the viral DNA during the multiple steps of mitosis. Since BPV has been reported to replicate through a random choice mechanism (8, 29) , distinct pathways may be needed to retain and partition replicated and nonrep-licated genomes. One possibility is that MKlp2 selectively binds E2 attached to all viral genomes and mediates their movement. Another speculative scenario is that the E2 interaction with MKlp2 represents a transport mechanism to segregate viral episomes that were not randomly selected for replication.
